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Summary  The  laying  and  commissioning  of  new  transmission  line  is  very  difﬁcult  due  to
socio-economic  problems,  like  environmental  clearances,  right  of  way,  etc.  Therefore,  there
is an  emphasis  on  better  utilization  of  available  transmission  infrastructure.  FACTS  devices  can
provide reactive  power  compensation,  transmission  capability  enhancement,  and  voltage  and
stability improvement.  FACTS  devices  operate  under  the  command  of  system  operator  who
analyses its  demand  by  the  data  acquired  through  traditional  SCADA  system,  state  estimation
algorithms  and  PMUs.  SCADA  together  with  PMU  give  accurate  information  about  the  opera-
tional state  of  power  system.  This  paper  proposes  a  scheme  to  automate  the  FACTS  devices  in
collaboration  with  PMUs  in  a  more  efﬁcient  way.  Highly  precised  data  from  PMUs  can  be  fed  to
intelligent  controllers  for  effective  analyzing  and  automating  the  FACTS  device  through  control
command.  Thus,  this  combination  can  provide  real  time  control  of  reactive  power,  together
with enhancement  of  power  handling  capability  and  stability  improvement.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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he  use  of  electricity  is  increasing  day-by-day  resulting  in
normous  growth  of  load  at  a  fast  pace.  Generation  is  also
acing  to  match  the  power  demand,  but  the  transmission
ector  which  is  major  and  important  part  of  power  system
s  not  expanding  with  same  rate.  Simultaneously,  deregula-
ion  and  privatization  of  power  system  has  put  enormous
urden  on  existing  transmission  infrastructure.  Moreover,
 This article belongs to the special issue on Engineering and Mate-
ial Sciences.
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icenses/by-nc-nd/4.0/).ransmission  sector  is  less  attractive  to  investors  as  com-
ared  to  generation  and  distribution  sector  as  avenue  of
roﬁt  in  transmission  sector  is  very  less.  Even  if  private  play-
rs  are  present  in  transmission  sector,  they  will  come  under
ndependent  System  Operator  (ISO)  whose  primary  objec-
ive  is  power  systems  operation  control.  So,  it  is  required  to
fﬁciently  utilize  the  available  transmission  networks.  Flex-
ble  AC  Transmission  Systems  (FACTS)  emerged  as  a  tool  that
an  be  used  to  solve  problem  of  uncontrolled  loop-ﬂows  and
emove  congestion  by  modifying  the  power  ﬂow  (Khan  and
iddiqui,  2014).For  the  control  of  FACTS  devices,  constant  monitor-
ng  of  the  system  is  required.  Phasor  Measurement  Unit
PMU),  in  conjunction  with  state  estimator  and  traditional
CADA,  is  used  for  monitoring  and  estimating  voltage  and
icle under the CC BY-NC-ND license (http://creativecommons.org/
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power  ﬂow  at  each  bus.  PMU  has  reduced  the  time  required
for  ﬁnding  abnormalities  in  the  system  (Thomas  et  al.,
2014).  Combination  of  PMU  and  FACTS  devices  has  increased
the  visualization  of  power  system.  Real  time  monitoring
of  the  network  and  its  control  using  FACTS  devices  is
delayed  due  to  manual  operations.  However,  automation  will
improve  it.
PMUs  are  being  installed  at  large  number  of  buses  to
synchronize  the  measurement  at  geographically  dispersed
areas.  Synchrophasors  acquired  from  PMU,  which  is  Big  Data,
is  transferred  to  Phasor  Data  Concentrator  (PDC)  via  a  wide
area  network  (WAN)  communication  using  suitable  standards
and  protocols  (Ali  et  al.,  2015).  For  analysis  of  synchropha-
sors  data  by  the  operator,  different  appropriate  clustering
algorithms  are  applied.  India  has  installed  62  PMUs  in  power
system  and  planned  another  1700  PMUs  by  2017,  which  will
make  it  largest  next  only  to  China  which  has  presently  2027
installed  PMUs.
In this  paper,  it  is  proposed  that  Artiﬁcial  Intelligence
(AI)  based  controller  can  handle  real  time  data  emanating
from  PDC,  and  will  feed  triggering  signal  to  FACTS  controller
for  real  time  operation.  Elimination  of  operator  through
automation  will  reduce  time  for  operation  of  FACTS  devices
working  crucial  functions  like  voltage  and  system  stability,
by  providing  reactive  power  support  (either  compensation
or  absorption).
Phasor  Measurement  Unit  (PMU)  section  describes  the
concept  of  Phasor  Measurement  Unit  followed  by  the  intro-
duction  of  FACTS  in  Flexible  AC  transmission  systems  (FACTS)
section.  Proposed  control  strategy  for  FACTS  section  dis-
cusses  proposed  scheme  for  control  of  FACTS  device  and
Conclusion  section  concludes  the  technique  discussed  in
paper.
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Figure  1  IEEE-14  bus  network  with  ﬂow731
hasor Measurement Unit (PMU)
MU  provides  time-stamped  magnitude  and  phase  angle  of
he  voltages  and  currents  in  real  time  which  is  helpful  in
apturing  the  wide  area  snapshot  of  power  system.  Through
MU,  real  time  behaviour  and  status  of  power  system  is
nown,  and  also  sequence  of  event  is  recorded  in  case  of
ny  major  fault  or  blackouts  in  power  system.  Sequence  of
vents  has  enormous  importance  for  planning  engineers  not
nly  to  judge  proper  protection  but  also  helps  in  improving
he  future  planning.
Synchrophasor  refers  to  a  phasor  which  is  time  tag  at  the
nstant  of  measurement.  Global  Positioning  System  (GPS)
echnology  is  used  in  PMU  for  providing  time  synchroniz-
ng  pulse.  This  GPS  receiver  provides  one-pulse-per-second
ignal  phase-locked  to  a  sampling  clock  for  providing  syn-
hronization.  The  time  tags  are  present  as  a  multiple  of
eriod  of  nominal  frequency.  Normally,  phasors  of  positive
equence  current  and  voltage  are  received  as  output  of  PMU.
t  can  also  provide  individual  phase  currents  and  voltages
hasors.  With  the  advancement  of  technology,  PMU  has  now
ecome  portable,  user  friendly  and  its  installation  time  has
igniﬁcantly  reduced.
lexible AC transmission systems (FACTS)
ACTS  devices  can  control  power  ﬂow,  enhance  power
andling  capability  of  available  transmission  infrastructure
earer  to  its  thermal  rating  by  controlling  interrelated
arameters  governing  its  operation.  The  interrelated  param-
ters  include  voltage,  current,  phase  angle,  shunt  and  series
mpedances,  and  damping  of  under-frequency  oscillations.
chart  of  proposed  control  scheme.
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SFigure  2  Percentage  load
igh  speed  thyristors  are  used  in  FACTS  devices  to  switch
n  and  switch  out  transmission  line  compensators  like  reac-
ors,  capacitors  and  phase  shifting  transformer  for  required
peration  (Siddiqui  et  al.,  2015).
FACTS  devices  are  classiﬁed  as  series,  shunt,  and  var-
ous  combinations  of  series  and  shunt  controllers.  Shunt
ontrollers  inject  current  whereas  series  controllers  inject
oltage  in  series  at  the  point  of  connection  (Hingorani  and
yugyi,  2000).  Thyristor  controlled  series  reactor  (TCSR),
tatic  synchronous  series  compensator  (SSSC),  thyristor
ontrolled  series  capacitor  (TCSC),  etc.  are  some  of  the
rominent  series  controllers.  Static  synchronous  compen-
ators  (STATCOM),  thyristor  controlled  reactor  (TCR),  static
AR  compensator  (SVC),  etc.  represents  the  shunt  class  of
ompensators.
STATCOM  is  a  voltage  source  inverter  that  provides
equired  active  and  reactive  power  to  the  system  by  con-
erting  dc  voltage  into  ac  voltage.  It  is  preferred  because  it
an  improve  voltage  regulation,  transient  stability  and  can
andle  damping  of  power  oscillations.  The  Uniﬁed  Power
low  controller  (UPFC)  is  an  example  of  combined  series-
hunt  controller.  It  takes  advantage  of  independent  series
nd  shunt  controllers.
roposed control strategy for FACTS
ptimal  locations  of  PMUs  are  found  using  Dual  Search
ethod  (Baldwin  et  al.,  1993),  whereas  location  of  FACTS
evice  is  found  using  optimal  location  criteria  discussed  in
Siddiqui  et  al.,  2015).  PMUs  sends  data  through  communica-
ion  link  to  PDC  at  rate  of  30—60  samples  per  second  for  IEEE
37.118  based  PMU  or  at  4000  samples/s  for  IEC-61850-90-5
ased  PMU.
The  proposed  scheme  is  simulated  on  IEEE-14  bus  network
s  shown  in  Fig.  1.  The  ﬂow  of  synchrophasors  and  commands
s  also  shown  in  the  ﬁgure.
For  whole  network  to  be  observable,  minimum  3  PMUs
re  required  and  their  location  are  found  as  buses  2,  6  and
.  STATCOM  is  used  in  this  paper  as  preferred  FACTS  device
nd  its  optimal  location  is  found  as  bus  10.  PMUs  continu-
usly  forward  synchrophasors  of  whole  network  to  PDC  which
s  connected  to  Artiﬁcial  Intelligence  (AI)  based  controller
ia  communication  channel.  AI  based  controller  is  found  to
Tithout  and  with  STATCOM.
e  effective  to  mitigate  all  probable  contingency  events
ccurring  in  selected  power  network.
For  the  congestion  on  line  10  (between  bus-5  and  bus-
),  AI  based  controller  was  able  to  detect  it  successfully
hrough  PDC  data  and  gives  the  required  triggering  signal
o  interface  of  FACTS  controller.  This  solves  the  problem  of
ongestion  in  the  network.  Fig.  2  shows  the  comparison  of
ercentage  loading  at  lines,  when  the  system  is  congested
without  STATCOM)  and  with  congestion  removed  through
TATCOM.
onclusion
ACTS  devices  performing  critical  functions  should  respond
ast  to  the  contingencies  in  the  system.  The  proposed
cheme  is  not  only  fast  but  efﬁcient  for  real  time  operation.
ig  data  in  the  form  of  synchrophasors  are  concentrated
sing  PDC  for  effective  analysing  by  AI  controller  which  will
ive  command  signal  to  FACTS  devices  in  case  of  contingen-
ies  arising  in  the  system.  This  technique  was  tested  using
EEE-14  bus  network  in  MATLAB  software  and  its  results  are
onforming  the  results  reported  in  Siddiqui  et  al.  (2015),
lthough  it  is  automated  in  the  present  case.
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